IL-24/MDA-7 is a new member of the IL-10 family of cytokines, which signals through two heterodimeric receptor complexes (IL-20R1/IL-20R2 and IL-22R/IL-20R2). Previously, we identified a rat gene named mob-5, which encodes a secreted protein that shares a high degree of homology with human IL-24. Expression of mob-5 and its putative cell surface receptors was shown to be upregulated by oncogenic ras. Here we show that not only do rat mob-5 and human IL-24 share a strikingly similar genomic structure but also that the rat MOB-5 protein can bind to and signal through the human IL-24 receptors. Like human IL-24, binding of the rat MOB-5 protein to the human IL-24 receptors leads to activation of the JAK/STAT pathway, which in turn supports receptor-dependent survival and proliferation of Ba/F3 cells. Furthermore, using human colon cancer cell lines with somatic knockout of either the mutant or the wild-type k-ras allele, we demonstrate that the human IL-24 receptors also are upregulated by oncogenic ras. Taken together, these results provide strong experimental evidence that MOB-5 is indeed the rat homolog of human IL-24.
Introduction
Interleukin-24 (IL-24)/MDA-7 is a new member of the recently emerged IL-10 family of cytokines, which includes IL-10, IL-19, IL-20, IL-22, IL-24 and IL-26. [1] [2] [3] [4] [5] [6] [7] IL-24 shows limited but significant homology to the cytokines of this family, and shares the highest aminoacid identity (33%) with IL-20. 7 Expression of IL-24 was detected in spleen, thymus, 8 melanocytes, 9 ConA activated human PBMC cells, 10 LPS-treated monocytes and anti-CD3-treated T cells. 11 Two heterodimeric receptors for IL-24 have been identified, IL-20R1/IL-20R2 and IL-22R/IL-20R2, 10, 12 the subunits of which belong to the class II cytokine receptor family. 13 IL-24 can bind to the IL-20R2 subunit alone, but co-expression of either IL-20R1 or IL-22R not only increases the binding affinity but also is necessary for receptor activation. 10 Once bound, IL-24 signals through the heterodimeric receptors, leading to the phosphorylation and activation of the JAK/ STAT pathway. 10, 12 In contrast to the IL-10 receptor (IL-10R1/IL-10R2), which is constitutively expressed by most hemopoietic cells, 14 constitutive expression of the IL-24 receptors (IL-20R2 with at least one of the R1 chains) was not found in the immune cells tested, 11 but was detected in various nonhemopoietic tissues including lung, testis, ovary and skin, indicating a pleotropic role of IL-24 outside of the immune system. 15 Human IL-24 gene originally was known as mda-7 (melanoma differentiation associated gene-7), which was identified by subtraction hybridization as a gene whose expression was upregulated in H0-1 melanoma cells when the cells were induced to terminal differentiation by the combination of IFN-b and mezerein. 9 Ectopic expression of MDA-7 using a replication-incompetent adenovirus construct (Ad.MDA-7) induced growth suppression and apoptosis in a number of human melanoma cell lines without the induction of terminal differentiation. 16 Similar effects also have been observed in a variety of other human cancer derived cell lines, including glioblastoma multiform, osteosarcoma, and breast, cervix, colon, lung, nasopharynx and prostate carcinomas, but not in any normal cells. 17, 18 However, most of these studies were conducted before MDA-7 was shown to be a secreted cytokine, and the antitumor effect described in these studies was thought to result from intracellular, rather than secreted MDA-7. 17 In this respect, a recent study showed that Ad.MDA-7 induced apoptosis in cancer cells lacking expression of the known IL-24 receptors. 19 Since the data failed to reconcile the tumor specific cytotoxicity of Ad.MDA-7 with receptormediated signaling of the cytokine, it was suggested that the apoptotic effect of MDA-7 was receptorindependent. 19 Although the mechanisms that underlie the antitumor effect of adenoviral delivery of MDA-7 are poorly understood and need to be further clarified, Phase I and II clinical trails with Ad. MDA-7 (INGN241) have been initiated. 20 In the rat system, a gene highly homologous to human IL-24/mda-7 (having 78% identity at the cDNA level and 68% identity at the amino-acid level) was identified by two independent groups, and was named c49a and mob-5, respectively. 21, 22 Expression of the c49a gene was greatly increased at the edge of rat excisional skin wounds 12 h to 5 days after wounding, and the expression gradually declined to baseline by 14 days. 21 Since elevated expression of the gene occurred before and during the proliferation phase of repair, it was suggested that C49A might promote cell proliferation. 21 The mob-5 gene was identified as an immediate target gene of oncogenic ras. 22 Expression of the gene could be induced by oncogenic h-ras and k-ras in rat embryonic fibroblasts (Rat1) and rat intestinal epithelial cells (RIE) through a MAP kinase-dependent pathway. Binding of the secreted MOB-5 protein to the cell surface was shown to be increased in ras transformed cells, suggesting that the MOB-5 receptor(s) might also be upregulated by oncogenic ras, and the cytokine might function in an autocrine or paracrine manner to regulate cell growth and transformation. 22 Based on the high degree of nucleotide and amino-acid sequence identity, and the fact that similar degrees of homology were found between human and rodent homologs among other members of the IL-10 family of cytokines, we hypothesized that MOB-5/C49A is the rat homolog of IL-24/MDA-7. 10, 22 This hypothesis, however, has met with resistance due to the apparent disparity between MOB-5/C49A and MDA-7 functions. Although expression of MOB-5/C49A has been positively associated with cell proliferation and transformation, overexpression of the MDA-7 protein was shown to cause tumor-specific cytotoxicity. To reconcile this apparent disparity, recently it was suggested that instead of being the real homolog of IL-24/MDA-7, the rat MOB-5/C49A might be a closely related family member to IL-24/MDA-7 with distinct biological activities. 17, 18 However, the data presented in the present report strongly disprove this speculation. We show that in addition to the high degree of sequence homology, the genomic structures of mob-5 and IL-24/mda-7 also are strikingly similar. Most importantly, we demonstrate that rat MOB-5, like human IL-24/MDA-7, is able to bind to and signal through the human IL-24 receptor complexes. Furthermore, we reveal that expression of the human IL-24 receptors is upregulated by the ras oncogene in human colon cancer cells, consistent with our previous data for expression of the MOB-5 receptor in rodent transformed cells. 22 These results provide strong experimental evidence supporting that MOB-5 is indeed the rat homolog of human IL-24/ MDA-7, which should serve as a foundation to resolve the controversy between IL-24/MDA-7 and MOB-5 with regard to their biological functions in tumorigenesis.
Results
Genomic structure of mob-5 and IL-24 genes As the first step to determine whether mob-5 is indeed the rat homolog of IL-24, we compared the genomic structures of mob-5 and human IL-24 with regard to both the mapping of the genes within the previously identified gene cluster of the IL-10 family of cytokines, as well as their exon-intron organizations.
The human IL-24 gene has been located to chromosome 1, within a 195 kb cytokine cluster containing four genes including IL-10, IL-19, IL-20 and IL-24 in linear order. 7 . To map the rat mob-5 gene, we performed a blast search using the entire mob-5 mRNA 22 as a query against the rat genome database from GenBank (http:// www.ncbi.nlm.nih.gov/genome/seq/RnBlast.html). The rat mob-5 gene was located on chromosome 13q13, about 40 kb from the rat IL-19 gene and 120 kb from the rat IL-10 gene (Figure 1 ). Although information regarding the IL-20 gene was not available in the rat genome database, a putative IL-20 gene fragment (NW_047394.1) was found between the rat IL-19 and mob-5 genes. This suggests that the order of the four genes in the rat genome is IL-10, IL-19, IL-20 (NW_047394.1) and mob-5, and therefore has the same arrangement as the human IL-10 family of cytokines gene cluster (Figure 1) .
The mob-5 gene is composed of six exons and five introns, with the protein coding region spanning from exon 2 to exon 6 ( Figure 2a ). All the exon and intron junctions conform to the GT-AG rule, and the exonintron boundaries do not disrupt amino-acid codons. The genomic structure of the human IL-24 gene has been reported previously. 8 Comparison between the mob-5 and human IL-24 genes revealed that the two genes share a very similar exon size and organization, except for exon 2 of the human IL-24 gene, which encodes for an elongated signal peptide ( Figure 2b ). The size of exons 3-5 and the coding region of exon 6 in the mob-5 gene are identical to exons 4-6 and the coding region of exon 7 in the human IL-24 gene, which encode the corresponding amino acids based on protein alignment (Figure 2b ). The noncoding region of exon 6 in the mob-5 gene is shorter than that of exon 7 in the human IL-24 gene (379 nucleotides vs 1082 nucleotides). However, several copies of the ATTTA motif, which have been found in the human IL-24 3 0 noncoding region, also exist in the noncoding region of exon 6 in the mob-5 gene, suggesting that both genes may be regulated at the posttranscriptional level. 8, 21 Thus, based on the conservation of the IL-10 family of cytokines gene cluster between human and rat, as well as the similarity of the exonintron organization between the human IL-24 and rat mob-5 genes, mob-5 is likely the rat homolog of IL-24.
MOB-5 binds to and signals through the human IL-24 receptors
Recent studies have demonstrated that human IL-24 can bind to and signal through two pairs of receptor complexes, IL-20R1/IL-20R2 (which also serves as a Figure 3a ). Using these cell lines, we first attempted to determine whether MOB-5 was able to recognize any of the human IL-24 receptors. To this end, quantitative receptor binding assays were carried out using 293T conditioned media containing either secreted human placental alkaline phosphatase (AP) or MOB-5-AP fusion protein as a probe. 22 Human IL-24-AP fusion protein was used as a positive control (Figure 3b ). 10 As shown in Figure 3c , unlike the secreted AP control, the MOB-5-AP fusion protein preferentially bound to the cell surface of BHK21 cells expressing either of the human receptor complexes. In order to further determine the specificity of the interaction between rat MOB-5-AP and the human IL-24 receptors, the above MOB-5-AP binding assays were carried out in the presence of increasing amounts of purified human IL-24 ( Figure 4) . Binding of MOB-5-AP to the human IL-24 receptors was competitively inhibited by human IL-24 in a concentration-dependent manner, whereas human IL-24 had little effect on the nonspecific binding of secreted AP to the host cells.
To determine whether MOB-5 binding to human IL-24 receptors could lead to the activation of the JAK/STAT pathway, as has been previously observed with the human ligand, 10 gel mobility shift assays were conducted. The formation of STAT-DNA binding complexes (Figure 5b and c) , suggesting that the same STAT molecules were activated. In addition, to determine whether MOB-5 could signal through endogenous human IL-24 receptors, HaCaT cells were stimulated with MOB-5 conditioned medium (Figure 7 ). HaCaT is a human keratinocyte cell line, which expresses all three IL-24 receptor subunits. 7, 10 A marked STAT-DNA complex formation was detected by gel mobility shift assay in the cells upon MOB-5 stimulation, suggesting that MOB-5 could recognize the endogenous human IL-24 receptors (Figure 7) .
To further dissect the biological functions of MOB-5 and human IL-24 with a clear readout on cell survival and proliferation, we looked at an IL-3 dependent murine pro-B cell line, Ba/F3. 23 This cell line requires IL-3, in addition to fetal bovine serum, for survival and growth. Upon IL-3 withdrawal, Ba/F3 cells undergo apoptosis within 24 h. 23 After stably expressing either of the human IL-24 receptors in Ba/F3 cells, which was confirmed by ligand binding (Figure 6a ), we asked whether MOB-5 and human IL-24 could substitute for murine IL-3 in supporting cell survival and proliferation. As shown in Figure 6b , both human IL-24-AP and MOB-5-AP were able to support Ba/F3 cell survival and proliferation in a human IL-24 receptor-dependent manner (only results for IL-22R/IL-20R2 was shown) (Figure 6b ).
MOB-5 signaling in oncogenic ras transformed RIE cells
Previously, we showed an increase in the ability of MOB-5 to bind to oncogenic h-ras transformed RIE cells (RIE (h-ras)), as compared to parental RIE cells. This observation suggests that oncogenic ras mutation also may induce expression of MOB-5 receptor(s). 22 Since MOB-5 stimulation led to activation of the JAK/STAT pathway in BHK21 cells through transfected human IL-24 receptors, we next examined whether MOB-5 could elicit a similar effect through the endogenous receptors in h-ras transformed RIE cells. The parental RIE cells and RIE (hras) cells were either mock treated or treated with MOB-5, and STAT activation was determined by gel mobility shift assays with the GRR probe (Figure 7) . MOB-5 Genomic structure and signaling of rat IL-24/MOB-5 M Wang et al stimulation caused a marked STAT activation in RIE (hras) cells, whereas only weak STAT-DNA binding activity was detected in the parental RIE cells. This result supports our early hypothesis that MOB-5 signaling through its receptors is upregulated by oncogenic ras mutation in RIE cells.
Expression of the IL-24 receptor chains in human cancer cells with oncogenic k-ras mutations
To determine whether receptor regulation by the ras oncogene also is conserved in human cancer cells, we examined the expression of the IL-24 receptors in isogenic human colon cancer cells with either wild type or mutant k-ras. DLD-1 is a human colon carcinoma cell line with a point mutation at codon 13 on one of the k-ras alleles. DKO-1 and DKS-8 are two isogenic DLD-1 derivatives in which either the wild type or the mutant k-ras allele has been disrupted by targeted homologous recombination, respectively. 24 Whereas deletion of the wild-type k-ras allele did not change the cellular phenotype, disruption of the mutant k-ras allele resulted in the loss of transformation capacity of the cells. 24 This system has been widely used to study ras regulated gene expression and antitumor drug screening. 25, 26 We performed Northern blot analysis to compare the mRNA levels of the two R1 chains in the parental DLD-1 (heterozygous k-ras), DKO-1 (mutant k-ras only) and DKS-8 (wild-type k-ras only) cells. The expression levels of both IL-20R1 and IL-22R were similar in DLD-1 and DKO-1 cells, but greatly decreased in DKS-8 cells (Figure 8a) . Downregulation of the IL-20R2 chain also was observed by RT-PCR analysis in DKS-8 cells (Figure 8b ). These results suggest that, like in the rodent system, IL-24 receptor expression also is upregulated by oncogenic ras mutations in human cancer cells.
Discussion
One puzzle surrounding the study of IL-24 has been that, although rat MOB-5 and human IL-24/MDA-7 share high sequence identity (78% at cDNA level; 68% at protein level), different biological functions have been implicated for the two proteins. In the rat systems, mob-5 was induced by oncogenic ras and during wound healing. Thus, the gene may participate in ras-mediated tumorigenesis and tissue regeneration. 21, 22 In contrast, human IL-24 expression was activated by the combination of IFN-b and mezerein, a treatment that induced terminal differentiation in melanoma cells. 9 The Genomic structure and signaling of rat IL-24/MOB-5 M Wang et al observation that ectopic expression of human IL-24 using a replication-incompetent adenovirus construct Ad.IL-24(MDA-7) induced growth suppression and apoptosis in a variety of human cancer derived cell lines, but not in any normal cells, led to the hypothesis that IL-24 could have a role in tumor suppression. 17, 18 One interpretation that has been suggested for this apparent discrepancy in the biological activities between rat MOB-5 and human IL-24 is that MOB-5 and IL-24 might be closely related members of the same gene family with distinct activities, instead of being homologs of the two species. However, in the present study, we have provided compelling evidence supporting that MOB-5 is indeed the rat homolog of IL-24. First, we analyzed the genomic structure of the mob-5 gene, which exhibited striking similarity in exon size and organization to that of the human IL-24 gene. In addition, the mob-5 gene was mapped to chromosome 13q13, which also contains genes for rat IL-10, IL-19 and IL-20. These four genes previously have been reported to form a cytokine cluster on human chromosome 1q32 in the same linear order of IL-10, IL-19, IL-20 and IL-24. 7 Finally, we showed that, like human IL-24, MOB-5 could bind to and signal through both human IL-24 receptor complexes, which in turn activate the JAK/STAT signaling pathway and support cell survival and proliferation.
The molecular mechanism underlying the tumor cell specific apoptosis induced by super-physiological expression of human IL-24 is currently under investigation. Cellular events, including upregulation of BAX protein levels and an associated increase in the BAX to BcL-2 ratio, 27 increased phosphorylation of double-stranded RNA-dependent protein kinase (PKR), 28 and induction of the GADD family genes through the p38 MAPK pathway have been suggested to play a role in this process in selected cell lines. 29 However, further studies are necessary to explain the broad spectrum of Ad.IL-24(MDA-7) sensitive tumor types. Notably, the spectrum of cancer cell lines that are susceptible to Ad.IL-24(MDA-7) induced apoptosis is not consistent with the expression pattern of any of the known IL-24 receptor chains. 19 Moreover, using a JAK specific inhibitor and cell lines lacking JAK1, Tyr2 or STAT1, a recent study suggested that Ad.IL-24(MDA-7) might induce apoptosis through pathways independent of JAK/STAT activation, and thus also independent of IL-24 receptor signaling. 19 In addition, we did not detect any apparent IL-24 induced cell growth inhibition or apoptosis of HaCaT cells, which is a spontaneously transformed human keratinocyte cell line that expresses the endogenous IL-24 receptors (unpublished observation). These findings strongly suggest that the 'antitumor' effect of adenoviral delivery of IL-24 is independent of its cytokine function through the cell surface receptors. It remains to be determined whether IL-24 has evolved any receptor-independent functions, and how such functions can provide tumor cell-specific toxicity.
The exact biological functions of IL-24 are yet to be determined. Elevated expression of IL-24 was detected in skin wounds during the proliferative phase of tissue repair. 21 Additionally, the IL-24 receptors were found to be expressed at high levels in keratinocytes. 7, 10 Studies using keratinocyte-specific STAT3 knockout mice have suggested that STAT3 is essential for keratinocyte migration, and plays a crucial role in skin remodeling, including hair cycle and wound healing. 30 Since STAT3 is the major STAT factor activated by IL-24, 10, 12 it is tempting to hypothesize that IL-24 may play a role in epidermal functions and pathogenesis, such as wound healing and inflammation (psoriasis). 7, 21 In the process of tumor development, IL-24 may also function as a cytokine to enhance cancer cell survival and growth rather than tumor suppression. First, expression of the IL-24 receptors was upregulated by mutant k-ras, and second, IL-24-induced JAK/STAT signaling was observed in oncogenic ras transformed RIE cells. In support of this hypothesis, persistently phosphorylated, thus activated, STAT3 was detected in a variety of solid tumors as well as hemopoietic malignancies. 31 The direct evidence that STAT3 signaling is oncogenic was derived from the expression of a constitutively activated form of STAT3 in immortalized fibroblasts that resulted in cellular transformation and tumor formation in nude mice. 32 In addition, activation of STAT3 was shown to be required for both cell survival and the G1 to S phase cell cycle transition in Ba/F3 cells using pathway-specific deficient gp130 mutants, a common receptor for the IL-6 family of cytokines. 33, 34 Consistently, in the present study we showed that by ectopically expressing the human IL-24 receptor in Ba/F3 cells, both rat and human IL-24 could replace IL-3 in supporting the cell survival and proliferation. Although future studies are required to determine the role of deregulation of IL-24 signaling in cancer, the realization of conserved cytokine functions and regulations of IL-24 across species will serve as a solid biochemical foundation for such endeavors.
Methods and materials
Cell lines and cytokines BHK21, a baby hamster kidney cell line (ATCC), was maintained in DMEM containing 10% fetal bovine serum, 1% penicillin-streptomycin and 1 mM sodium pyruvate. BHK21 cells stably expressing human IL-20R1/IL-20R2 or IL-22R/IL-20R2 were established, using the plasmid constructs provided by Dr Sergei Kotenko as follows. BHK21 cells were seeded in 60 mm plates and grown until 70% confluent. In total, 1 mg of the pcDEF-IL-20R2 expression plasmid was transfected into the cells with Fugene 6 (Roche). At 24 h after transfection, 1 mg/ ml G418 was added to the cell culture. Selection was carried out for 4 days before drug-resistant cells were pooled. The pooled cells then were co-transfected with either 1 mg of pcDEF3-IL-20R1 or pcDEF3-IL-22R along with 0.1 mg of pBabe-puro. Selection was carried out with 10 mg/ml puromycin 48 h after transfection. Single colonies were picked and characterized for expression of the individual receptor chains by Northern blot.
Ba/F3, a mouse IL-3 dependent pro-B cell line, was maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 50 mM 2-mercaptoethanol, in the presence of mIL-3 (10 pg/ml). Ba/F3 stable cell lines expressing either IL-20R1/IL-20R2 or IL-22R/IL-20R2 receptor complexes were generated following the previously established protocol. 35 For the proliferation assays, cells were seeded at 500 cells/well in 96-well plates, and cultured in the absence or presence of 0.01 U of either secreted AP, human IL-24-AP fusion protein, or rat MOB-5-AP fusion protein at 371C. Cell numbers were determined using a Coulter Counter (Beckman) for each time points. Mouse IL-3 (10 ng/ml) was used as a positive control.
RIE is a spontaneously immortalized, diploid, nontransformed rat intestinal epithelial cell line. RIE (h-ras) is a transformed cell line established by transfecting RIE cells with mutant h-ras (12V). 36 Both cell lines were routinely maintained in DMEM supplemented with 10% bovine calf serum and 1% penicillin-streptomycin. The DLD-1 human colon adenocarcinoma cell line and two DLD-1 derived cell lines, DKO-1 (lacking the wild-type K-ras allele) and DKS-8 (lacking the mutant K-ras allele), were originally established and characterized by Shirasawa et al. 24 We obtained the cells from Dr Robert J Coffey, and grew them in DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin.
Production of secreted AP, rat MOB-5-AP and human IL-24-AP fusion proteins, 9His-tagged IL-24 (IL-24-His) and tag-free rat MOB-5 was described previously. 22 AP and IL-24-AP binding assay Quantitative receptor binding assays using conditioned media from 293T cells stably secreting AP, rat MOB-5-AP or human IL-24-AP fusion proteins were performed as previously described. 10 For competition binding assays, BHK21 (IL-20R1/IL-20R2) cells were incubated with 1 nM secreted AP or rat MOB-5-AP with or without increasing amount of human IL-24-His (0.005 to 5 nM). Incubation was carried out for 90 min at 371C. The cell surface bound AP activity was determined as previously described. 10 STAT activation assays Cells were mock treated or treated with purified human IL-24 (4 nM) or conditioned medium from Rat-1 cells stably transfected with tag-free rat MOB-5 for 30 min at 371C. Nuclear extracts were prepared as previously described. 10 Electrophoretic mobility shift assays (EMSA) were carried out with a 32 P-labeled double-stranded DNA probe corresponding to the IFN-g response region (GRR) of the Fc gR1 gene (sense, 5 0 -ATGTATTTCCCA-GAAA-3 0 ; antisense, 5 0 -CCTTTTCTGGGAAATAC-3 0 ).
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Northern blot, RT-PCR and Southern blot Total RNA was isolated using RNApure reagent following the manufacturer's instructions (GenHunter). In total, 20 mg of RNA were denatured, separated on a 1% agarose gel with 3% formaldehyde, transferred onto a nylon membrane (Amersham), and hybridized with either a 32 P-labeled human IL-20R1 probe or a 32 P-labeled human IL-22R probe. After hybridization, the membranes were washed and exposed for autoradiography.
IL-20R2 gene expression was determined by RT-PCR, followed by Southern blot of the PCR product. Reverse transcription was performed on 3 mg of total RNA with an oligo(dT) primer. cDNA corresponding to 0.5 mg of total RNA was used for PCR amplification with IL-20R2 specific primers: sense 5 0 -AGATCTC-CATTCTGCCTGCCCCTCAG-3 0 , antisense 5 0 -AAGCTTGCACCTCCACACATTC-3 0 . PCR conditions were 35 cycles of 94 1 C/30 s, 601C/40 s, 721C/90 s, followed by 721C for 5 min. The PCR products were electrophoresed on a 1.5% agarose gel and transferred onto a nylon membrane. Correct PCR product amplification was confirmed by probing the membrane with a 32 Plabeled oligonucleotide specific for the PCR amplified IL-20R2 fragment. Primers specific for 18s rRNA were used as a control.
